One of the great challenges facing developmental neuroscience is to understand how complex social interactions can shape brain development during ontogeny to affect adult functioning in social and behavioral contexts (1) . Some of the most vexing behavioral problems, such as autism spectrum disorder that involves impaired social interactions, including verbal and nonverbal communication capabilities, are thought to be related to a complex interplay of endogenous and exogenous risk factors (2) . How can one possibly sort out these various factors and develop coherent hypotheses about candidate genes in a causal context? Animal models are the obvious preferred approach to address such challenges, but many animal models selected for their potential to exploit powerful cellular/genetic methods do not capture the richness of the social and behavioral processes that underlie a phenomenon such as autism spectrum disorder (2) . Oscine songbirds (i.e., members of the suborder passeres) constitute nearly 50% of the over 10,000 extant species of birds (3), and they exhibit a pattern of vocal development that has many features in common with language learning in humans (4) . In zebra finches, a species derived from Australia, developing nestlings require social interactions often with their father but also with other conspecific males to form auditory memories that guide song development (5) . Deprivation of these particular social interactions can result in enduing anomalies in vocal communication, such that the nestlings are never able to attain normal communicative functioning as adults (5) . In a study in PNAS by Ahmadiantehrani and London (6) , the authors implicate the mechanistic target of rapamycin (mTOR) signaling cascade as being a key player in the molecular basis of social interactions in zebra finches that result in auditory memory formation essential for functional vocal communication as an adult. These studies broaden our understanding of mTOR signaling and suggest that its implication in autism spectrum disorder may be related to a general role in the cellular basis of early experience effects on later adult behavior.
Birdsong, Autism, and mTOR
Why are songbirds a valuable model system for Ahmadiantehrani and London's (6) study? In humans, social development is intimately tied to language development. The way we develop language capabilities and learn how to communicate in social contexts is firmly embedded in a process of complex social interactions. Few nonhuman species exhibit such a reliance on social factors to develop a species-typical vocal repertoire and use it in an appropriate social context. In oscine songbird species (members of the suborder passeres), it has been established that for the learning of song, and in some cases for calls as well, there is a profound dependence on auditory input usually from the father or other adult conspecifics (7) . There is great variance among the ≈4,500 extant living oscine songbirds (8) but zebra finches are commonly studied and illustrate the general principle. Zebra finches, natives of the Australian outback, develop relatively rapidly and male nestlings start forming memories from tutors as early as day 30 posthatch (9) . This sensory phase is when they form an auditory memory. Relatively rapidly after the onset of the sensory phase, they start a process known as the sensorimotor phase that involves matching their vocal output to the auditory memory they have previously formed. In some species, this learning can occur solely in response to the playback of auditory tapes (7). However, in zebra finches the presence of a conspecific is essential, indicating that the social interaction is fundamental to the learning occurring (5). This process has been modeled in a way that results in successful song learning in zebra finches by using experimental designs that require juvenile zebra finches to actively press keys that play vocalizations and thus mimic social interactions (10) . Social interactions, therefore are fundamental to the development of successful vocal behavior in male zebra finches. The mTOR protein is a serine/threonine kinase involved in a wide range of cellular processes, including protein synthesis and mRNA translation (11) . mTOR forms at least two distinct multiprotein complexes, the mTOR complex 1(mTORC1) and mTOR complex 2 (mTORC2). This signaling pathway is known to respond to both intracellular and extracellular signals in an integrative fashion (11) . In recent years, mutations in the mTOR signaling pathway have been implicated in select cases of autism spectrum disorders (12) . Manipulations of rodent models of select aspects of autism spectrum disorders suggest that hyperactivity of the mTOR pathway may be involved in that inhibitors of mTOR mitigate these symptoms (12) . Could mTOR play a wide role in coding social signals that have enduring consequences for adult behavior? For these reasons Ahmadiantehrani and London (6) hypothesize that mTOR might play an important role in the effects of interactions with a song tutor on song development in zebra finches.
mTOR, Tutors and Song Memories
To investigate the hypothesized role played by mTOR in the regulation of song learning from a tutor, Ahmadiantehrani and London (6) took advantage of what is known about intraspecific variation in the song-learning process in zebra finches. First, unlike many other songbird species, in zebra finches only males learn the speciestypical song, though males and females can produce calls (5) . Second, during ontogeny there is a sensitive period in which exposure to conspecific tutors is especially effective in facilitating the formation of song memories (9) . Therefore, Ahmadiantehrani and London (6) hypothesize that the mTOR signaling cascade, if it is related to the socially facilitated formation of song memories, would be induced preferentially in males during ontogeny and during a time period coincident with the known sensitive period for song memory formation. It was also thought that this induction would occur preferentially in specialized areas of the auditory telencephalon, namely the caudomedial nidopallium (NCM) and the caudomedial mesopallium (CMM), known to be related to song memory formation (13) . In an initial study, Ahmadiantehrani and London (6) establish the presence of the mTORC1 signaling pathway in juvenile male and female finches by localizing ribosomal protein S6 kinase and the 40S subunit ribosomal protein S6. The authors then played song to male and female finches on posthatch day 23 before tutoring supports the formation of song memories, and on day 30 when it does. They found induction of mTOR signaling in NCM and CMM but only in juvenile males, not in females, and only in males who were 30 d of age, not 23 (Fig. 1) . These correlational findings strongly implicated the mTOR signaling system in formation of tutor song memories.
However, correlation does not indicate causation. Ahmadiantehrani and London (6) therefore designed an experimental paradigm that resulted in a bidirectional manipulation of the mTOR signaling pathway. The authors housed juvenile zebra finches with females only and then introduced male tutors for 90-min tutoring sessions. In this way, the authors could control tutoring access, and it is known that this type of exposure is sufficient to maintain normal song. Ahmadiantehrani and London found that either inhibiting (via administration of the selective mTOR inhibitor rapamycin) or constituently enhancing mTOR signaling (via administration of SC79) resulted in a significant disruption of crystallized (i.e., final adult) song compared with control juveniles treated with the vehicle.
In a study in PNAS by Ahmadiantehrani and London, the authors implicate the mechanistic target of rapamycin (mTOR) signaling cascade as being a key player in the molecular basis of social interactions in zebra finches that result in auditory memory formation essential for functional vocal communication as an adult.
These data indicate that mTOR expression needs to be at a specific level of expression in the auditory telencephalon for normal vocal development to occur. The authors also discovered that social interactions were impaired (as measured by how much time the juveniles spent close to and facing their tutors, who were in adjacent cages) in finches that experienced an enhancement of mTOR via SC79 administration. This finding is consistent with other studies on constitutive increases in mTOR expression and social interactions (6) .
In this study Ahmadiantehrani and London (6), using both correlational methods and pharmacological manipulations, have implicated the mTOR signaling pathway in the acquisition of tutor song memories. In particular, they show that song can induce mTOR expression in males but not females (only males learn and develop species-typical song) during a period in which the birds are sensitive to learning conspecific song (5) . Bidirectional manipulations of the mTOR pathway resulted in similar deficits in the quality of song learning as measured, based on the match between the tutor song and the song produced by the subjects. Thus, there is a nonlinear relationship between mTOR expression and song learning, which as noted by Ahmadiantehrani and London (6) is not unprecedented. Although both compounds distorted song copying from the tutor, only SC79 disrupted the measure of social interactions (time spent facing the tutor in close proximity). These findings indicate that effects on the ability to form a song memory can be dissociated from effects on social interactions per se. Not surprisingly, suppressing the mTOR signaling pathway may well result in different effects than constituently increasing this pathway. These findings, like all good studies, provide us with novel insight into the mechanism of important processes but also raise additional questions as to how this intriguing signaling molecule can have such long-lasting and significant effects.
